INTRODUCTION
Suspension-feeding gastropods occur in a wide range of marine environments. The gill is used in many taxa to capture and transport suspended food particles (Declerck 1995) . However, only a few ctenidial filterfeeding gastropods live in turbid marine areas (Fretter & Graham 1962) . Of these, the family Calyptraeidae includes 2 genera, Calyptrae and Crepidula, which can be associated with soft muddy substrates (Fretter & Graham 1962) .
In most species of the protandric hermaphrodite genus Crepidula, adult females are typically sedentary and are strict suspension-feeders, capturing particles in mucus on gill lamella (Werner 1951 , Newell & Kofoed 1977 We investigated the response of the suspension-feeding activity of the prosobranch gastropod Crepidula fornicata (L.) to changes in seston abundance and composition, characteristic of the natural particle variability experienced by suspension-feeding organisms as a consequence of tidal resuspension. The experimental conditions were characterized by seston concentrations (12.2 to 196.0 mg l -1 ) inversely related to the organic content of particulate matter (56 to 6%). The organic fraction was composed of 2 benthic diatoms, Entomoneis pseudoduplex (Smith) and Nitzschia aurariae (Cholnoky). Inorganic matter was composed of 2 to 3 µm diameter kaolinite particles. The functional unit used for determination of ecophysiological responses was a chain of 6 individuals with mean chain dry tissue weight of 1.05 g. The efficiency of particle retention as a function of particle size increased with increasing particle size from 2 to 4 µm (equivalent spherical diameter). Above 4 µm, all particles were cleared from suspension with 100% efficiency, but retention efficiencies of smaller particles significantly declined with increasing seston loads. A constant clearance rate (CR) was found throughout the seston range, with a mean of 0.76 ± 0.05 l h -1 g -1 (± SE). Filtration rate increased linearly with seston concentration from a minimum value of 10 mg h -1 g -1 to a maximum of 42.8 mg h -1 g -1 at the highest concentration. The total biodeposition rate (sum of pseudofaeces and faeces) followed a similar linear trend, with an increase from 3.8 to 41.6 mg h -1 g -1 at the highest concentration. Absorption rate was very stable throughout the range of suspended particulate matter concentrations tested with a mean of 4.9 ± 0.5 mg h -1 g -1 (± SE). It was not possible to ascertain pre-ingestive selection, even though the organic content of biodeposits and diet was very similar. The low retention efficiency of small inorganic particles at high seston loads was the sole mechanism that was clearly identified in this study as counteracting food dilution by inorganic material, through the enrichment of the organic content of filtered matter. The absence of pre-ingestive selection in C. fornicata would increase the physiological significance of this process in turbid environments.
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Resale or republication not permitted without written consent of the publisher 2002), whereas small-sized individuals (juveniles and males) are motile and essentially use their radula to graze the substrate , Navarro & Chaparro 2002 ). However, this sexual/functional duality is not evident in the slipper limpet Crepidula fornicata, of which the majority of individuals live in long chains consisting of large females, intersexed individuals and small males (Le Gall 1980) , all relying on the suspension-feeding mode. Early juveniles already possess a suspension-feeding ability, unlike other species of the genus (Eyster & Pechenick 1988) .
Crepidula fornicata is an invasive species along western European coasts, particularly in France where many coastal ecosystems have experienced a spectacular increase in the abundance of slipper limpet populations (Blanchard 1995 , Thieltges et al. 2004 . C. fornicata now colonizes the upper subtidal and intertidal areas of shallow bays characterized by a high concentration of suspended particulate matter (SPM) (Thieltges et al. 2003) . In these estuarine habitats, the gastropod is considered as a trophic competitor for cultivated oysters (Walne 1956 , but see De Montaudouin et al. 1999 , Riera et al. 2002 ) because of its suspensionfeeding ability, even though functional relationships between rates of feeding and the quantity and quality of available food have never been established.
Studies dealing with the effects of SPM on suspension-feeding bivalves have revealed a complex set of physiological adaptations to seston variability (Hawkins et al. 1996 , Urrutia et al. 1996 , Barillé et al. 1997 ; for studies that consider SPM concentrations above 100 mg l -1 see Hawkins et al. 1996 , Urrutia et al. 1996 , Barillé et al. 1997 , Navarro & Widdows 1997 , as well as a morphological plasticity (Barillé et al. 2000) . There is no equivalent literature for the suspensionfeeding gastropods, and the feeding behaviour of Crepidula fornicata under conditions of high seston concentration has only been addressed in fragmentary investigations (Johnson 1972 , Deslous-Paoli et al. 1987 , Shumway et al. 2003 . Fretter & Graham (1962) indicated that high concentrations of suspended matter would clog the gastropod ctenidial filter, and Johnson (1972) showed that slipper limpet growth was affected and clearance rate drastically reduced by increasing silt concentrations. However, Chaparro et al. (2004) recently demonstrated a complex mechanism of pseudofaeces production by Crepidula fecunda, which allows the animal to process particles on the gill continuously at high particle concentration. The demographic success of C. fornicata in turbid macrotidal bays of western Europe suggests that physiological responses may also contribute to (1) maintenance of feeding rates at high SPM and (2) compensation for the dilution of particulate organic matter by an increasing proportion of inorganic resuspended sediment.
Bourgneuf Bay (French Atlantic Coast, 46-47°N, 1-2°W) is an invaded shellfish ecosystem characterized by mean annual SPM concentrations of 154 mg l -1 in northern muddy areas and 34 mg l -1 in southern mixed muddy-sandy areas (Haure & Baud 1995) . A stock estimate of Crepidula fornicata, determined for the first time in 40 yr after its occurrence in the bay was first documented by Marteil (1965) , yielded a total fresh weight of 55 000 tons (P. G. Sauriau & L. Barillé unpubl. data), in comparison with 48 000 tons estimated for the cultivated oyster Crassostrea gigas. Because of the possible implications for the oyster industry, trophic competition between the 2 molluscs was the first negative consequence, among others, of the C. fornicata invasion. C. fornicata may also modify the nature and texture of sediment through its biodeposition (Erhold et al. 1998) , and can contribute to ecological shifts in the structure of primary producers by changing benthic fluxes (Ragueneau et al. 2002) . Our ability to address these concerns would benefit from quantitative measurements of the ecophysiological responses of C. fornicata.
The present study investigated the effects of increasing seston concentrations on the feeding physiology of Crepidula fornicata, in order to better understand the mechanisms that allow this suspension-feeding gastropod to prosper in a turbid environment. Seston concentrations (12.2 to 196.0 mg l -1 ) were inversely related to the organic content of particulate matter (56 to 6%), which was composed of benthic diatoms isolated from the Bourgneuf Bay mudflat. Seston abundance and composition were consistent with the food variability experienced by suspension-feeding organisms as a consequence of tidal resuspension.
MATERIALS AND METHODS
Specimen collection. Chains of Crepidula fornicata (L.) were collected in October 2000 in the lower part of the Bourgneuf Bay tidal flat on the French Atlantic coast (47°4.60' N, 2°3.78' W). Specimens (which, in this area, are attached to pebbles and other shells) were transported immediately to the laboratory, scrubbed of epibionts and maintained in aquaria using oxygenated filtered seawater. They were acclimated for 1 wk to the experimental temperature (15°C) and salinity (32), and fed with cultured algae (see below). The functional unit used in this study for the determination of the ecophysiological responses was the chain. Indeed, a possible synergetic effect has been suggested among the individuals composing a chain (Le Gall 1980), which has been described as a feeding community (Wilczynski 1958) . Moreover, 75% of C. fornicata found in this area are colonial, with a mean of 5.4 individuals per chain (SD = 2.8; n = 93). Therefore, it was decided to perform the experiment with chains of 6 individuals with a mean chain dry tissue weight of 1.05 g (SD = 0.08, n = 8).
Algal cultures. Two benthic diatom strains were isolated from a microphytobenthic assemblage sampled in Bourgneuf Bay mudflat: Entomoneis pseudoduplex (Smith) (apical length of the frustule, ALF = 30 µm) and Nitzschia aurariae (Cholnoky) (ALF = 4 µm) (Fig. 1) . Microphytobenthic species were selected as food for the experimental diets because Bourgneuf Bay possesses a large mudflat of ca. 2200 ha colonized by benthic diatoms, upon which microalgal assemblages have been mapped (via remote sensing) next to the slipper limpet collection site (Méléder et al. 2003) . Microalgae were cultivated in the laboratory and kept in the algal collection of the Laboratoire de Biologie Marine (Faculté des Sciences et des Techniques, University of Nantes) to constitute a diet for Crepidula fornicata. Experimental 50 l cultures were obtained using underground seawater supplemented with an enrichment solution (nitrogen, phosphorus and silicon), and maintained at 14°C and salinity 28 with a 14 h photoperiod.
Experimental diets. The particulate organic matter (POM) content of the diet offered to the experimental individuals was a mixture of Nitzschia aurariae at 4000 cells ml -1 and Entomoneis pseudoduplex at 2000 cells ml . Silt (kaolinite BS1, AGS) was added to the algal mixtures in order to simulate particulate inorganic matter (PIM) and to obtain an increasing range of SPM. Sornin et al. (1988) have shown that kaolinite BS1 is ingested well by oysters compared to other clays. Eight experimental diet conditions were tested (C1 to C8), based on Bourgneuf Bay particulate matter variability as measured by Haure & Baud (1995) . The amount of SPM, PIM and POM in the diet was obtained using the loss-on-ignition method. Water samples were filtered on pre-weighed GF/F filters and dried at 60°C for 24 h for SPM determination; POM was estimated as the filter weight loss after subsequent ignition of samples (450°C for 4 h). PIM was deduced from the difference between both measurements. Particle size distributions were determined using a Multisizer II particle counter (Beckman Coulter Electronics) fitted with 50 and 100 µm apertures.
Feeding experiments. After a 24 h acclimation to experimental conditions, chains were placed in a flowthrough experimental system composed of 10 chambers. The chamber design was based upon that of Palmer & Williams (1980) , with 2 levels of baffles. Each chamber measured 25 × 15 × 10 cm and held a volume of 2 l. Prerequisites for using flow-through chambers (influence of chamber geometry, recirculation etc.) were tested according to recommendations by Riisgård (1977 Riisgård ( , 2001 . Milk was used to check that the Crepidula fornicata exhalent flow did not recirculate into the chambers, and that this flow was directed to the outflow of the chambers. The relationship between clearance rate (CR) and flow-through rate was characterized by a marked plateau, at which CR is independent of the flow (Riisgård 1977) . A mean flow rate of 4 l h -1 was therefore chosen for the experiments. Two chambers containing reconstituted chains with empty shells were used as sedimentation controls (outflow of control chambers was used to represent inflow of chambers with live C. fornicata chains adjusted for seston settling). Sampling of ambient water at the chamber outflow began after 1 h of specimen acclimation. During each set of experimental conditions, which lasted between 3 and 4 h, 3 water samples per individual chamber were analysed with the particle counter. Biodeposits (pseudofaeces could not be separated from faeces), collected with an automatic pipette after 1 h of biodeposition, were analysed for POM and PIM using the loss-on-ignition method as described above. During the entire experiment, the same 8 chains of C. fornicata were used. Retention efficiency: For the determination of retention efficiencies, particle counts in outflow samples were performed using the particle counter, with coefficients of coincidence < 5%. All particle sizes were expressed as equivalent spherical diameter (ESD). Particle concentrations were estimated for a size range of 1.8 to 15 µm ESD. Retention efficiencies (E r ) were computed for this entire size range as:
], where inflow represents particle concentration in the controls and outflow is particle concentration in the troughs containing the animals. Details of E r calculations are given in Barillé et al. (1993) .
Clearance rate: E r data were considered to represent a possible underestimation of CR, owing to small particles passing through the interfilamentar spaces and being released into chambers with the exhalent flow. To determine this potential underestimation, 3 retention ratios (inflow -outflow × inflow -1 ) were calculated from particle counts based on particles in the 2-15, 3-15 and 6-15 µm size ranges (ESD). These ranges were chosen because the greatest differences in CR estimations were observed with 2 to 3 µm particles. CRs calculated within the 2-15 and 3-15 µm size ranges were compared with the CR calculated with particles above a threshold that ensured that all were cleared with 100% efficiency, i.e. in the 6-15 µm size range (Jørgensen et al. 1984) . Given the mean flow in an individual chamber, CR (l h ) was calculated using POM concentrations in the controls and outflow. The total biodeposition rate (TBR; mg h -1 ) was represented by total particulate matter biodeposited (sum of pseudofaeces and faeces) per unit of time.
Absorption rate of organic matter (AR; mg POM h -1 ) was estimated as the difference between FR and TBR, assuming that the inorganic material filtered was equal to the inorganic material rejected in the biodeposits (Iglesias et al. 1998) .
Weight standardization. Because of the limited variability among experimental chains (SD = 0.08 g dry tissue weight) and a mean weight ≈ 1 g, the standardization did not significantly modify the feeding processes expressed per chain. However, it was decided to rigorously apply a standardization to a chain of 1 g dry tissue weight using the allometric exponent of 0.56 determined by Navarro & Chaparro (2002) for Crepidula fecunda. To our knowledge, such a parameter does not exist in the literature for C. fornicata. Standardization was obtained with the following equation (Bayne et al. 1987) :
where Y s represents the value for the standard chain, Y ex the experimental value, b the allometric exponent and W ex the experimental weight.
Statistical analysis. After verification of underlying assumptions, feeding processes were compared using a 1-way repeated measures ANOVA, as the same chains were tested for the 8 experimental conditions (Sokal & Rohlf 1995) .
RESULTS

Seston characterization
Experimental seston concentrations (SPM) varied between 12.2 and 196 mg l -1 and POM varied between 6.8 and 23.2 mg l -1 (Table 1 ). The organic content of the diets (Table 1) decreased with increasing seston concentration, from 56% at the lowest seston load to 6% at the highest. The organic content values obtained in this study are consistent with in situ data measured by Haure & Baud (1995) in Bourgneuf Bay (Fig. 2) . The size distribution of particles for the first 4 experimental conditions (C1 to C4) showed 3 modes. The first, at approximately 2 to 3 µm ESD, was due to inorganic particles, while the other two corresponded to the 2 benthic microalgae, with Nitzschia aurariae at 3 µm ESD and Entomoneis pseudoduplex at 9 to 10 µm (Fig. 3A) . However, with increasing seston loads (from conditions C5 to C8), the modes of the two microalgae could no longer be detected and the distributions became unimodal, dominated by inorganic matter (Fig. 3B) .
Physiological responses
Retention efficiency
Particle E r as a function of particle size increased with increasing particle size from 2 to 4 µm ESD (Fig. 4) ; 4 µm represented the threshold above which all particles were cleared from suspension with 100% efficiency for all seston concentrations. However, for particles smaller than 4 µm ESD, E r significantly declined (ANOVA, p < 0.01) with increasing seston loads. For SPM concentrations between 100 and 196 mg l -1 , E r of 2.2 µm ESD particles was close to 0%; in contrast, retention was 67% for SPM concentrations between 12.2 and 30.2 mg l -1 .
Clearance rate
The calculation of CR (l h -1 g -1 ) can be biased by small particles not retained by the feeding structures of Crepidula fornicata, and this bias increased with increasing seston concentrations (Fig. 5A ). CRs were lowest when calculated with particles in the size range 2-15 µm ESD, i.e. taking into account the full size spectrum. The values increased with the size range 3-15 µm ESD, but were still consistently lower than CRs calculated with particles retained with 100% efficiency, in the 6-15 µm ESD size range. With the first 2 calculations (2-15 and 3-15 µm), the results indicated a significant decline in CR with increasing seston concentration (ANOVA, p < 0.05); in contrast, there was no significant difference for CR calculated with particles in the range 6-15 µm ESD ( Fig. 5B ; ANOVA, p = 0.23). For the latter particle range and , CRs were 0.91 l h -1 g -1 (SE = 0.24) and 0.68 l h -1 g -1 (SE = 0.16), respectively, and not significantly lower than CRs calculated for SPM concentrations ranging from 12.2 to 106.0 mg l -1 (ANOVA, p = 0.11). For all conditions combined, the mean CR for a chain of C. fornicata of 6 individuals was 0.76 ± 0.05 l h -1 g -1 (± SE). On average, it was estimated that at least 1 individual per chain was not filtering, as based on visual observations during the experiments. ; organic + inorganic matter) of Crepidula fornicata linearly increased with SPM concentration (Fig. 6A ) to a maximum of 42.8 mg h -1 g -1 at the highest concentration (196.0 mg l -1 ). A significant linear regression described the relationship between FR and SPM (p < 0.05, Table 2 ). Organic filtration rate (OFR, mg POM h -1 ) followed a constant trend (Fig. 6A) , with a mean OFR of 7.5 ± 0.7 mg POM h -1 g -1 (± SE).
Total biodeposition rate
Biodeposition was estimated by the sum of pseudofaeces and faeces production combined and expressed as TBR (mg h -1 g -1
; organic + inorganic matter). A significant linear regression described the relationship between TBR and SPM (p < 0.05; Fig. 6B , Table 2 ). The minimum TBR was 3.8 mg h -1 g -1 and increased to 41.6 mg h -1 g -1 at the highest concentration (196.0 mg l -1 ). Above 150 mg l -1 , the variability of this ecophysiological response was greater than at the lower seston load, as shown by the increase in the range of confidence intervals of means. A significant linear regression described the relationship between TBR and SPM (p < 0.05, Table 2 ). This regression was used to estimate the threshold of biodeposit production at 5.5 mg l ), as a function of SPM concentrations. Means presented with 95% confidence intervals. Linear regression equations and significance detailed in Table 2 TBR = 0. The organic content of the biodeposits was compared to the composition of the diets (Fig. 7) . The overall comparison revealed that the difference between the measurements and theoretical values on the isometric line x = y (organic content of the biodeposits equals organic content of the diets) was not significant (Wilcoxon signed ranks test, p = 0.17).
Absorption rate
Food AR (mg organic matter h -1 g -1 ) was constant within the range of SPM concentrations tested, from 12.2 to 196 mg l -1 (Fig. 6C) . A linear regression fitted to the data between AR and SPM showed that the slope of the regression was not significantly different from 0 (p = 0.45). For all conditions combined, the mean AR was 4.9 ± 0.5 mg h -1 g -1 (± SE).
DISCUSSION
Suspension-feeders inhabiting shallow, soft-bottom macrotidal marine systems face high levels of SPM concentrations and a dilution of food particles by resuspended inorganic material (Widdows et al. 1979) . The seston conditions used in the present study reproduced this dilution effect as illustrated by the close correspondence between the data and field measurements (Fig. 2) , which showed a negative relationship between organic content and SPM. Such a relationship, represented by a decreasing power function, is typical of tidal resuspension in temperate and tropical waters (Hawkins et al. 1996 , Barillé et al. 1997 , Navarro & Widdows 1997 , Hawkins et al. 1998 .
In the range of SPM tested, the ecophysiological responses of Crepidula fornicata were not affected by increasing seston concentrations. This result contrasts with the finding of Johnson (1972) on the same species, who showed a negative effect of silt on CR, with the sharpest reduction occurring from 140 to 200 mg l -1 . This author, like Fretter & Graham (1962) earlier, suggested a clogging of the particle-processing mechanism. In the present study, CR did not decrease when SPM concentrations exceeded 140 mg l -1 , with no significant differences throughout the SPM range. However, we showed that CR could be underestimated by the low retention efficiency of small particles, with an increasing bias at high seston loads, which could give the erroneous impression that C. fornicata can adjust to feeding conditions by reducing its CR (Fig. 5A) . We suspect that methodological differences may explain this divergence, because Johnson applied the clearance method (Coughlan 1969 ) using silt concentration in the CR equation, probably not taking into account the inefficiently retained particles in suspension in his static system (Williams 1982) . However, Shumway et al. (2003) reported a significant effect of clay particulates on C. fornicata CRs but at a much higher concentration (10 000 mg l -1 ). The efficiency of particle retention as a function of particle size was lower than that estimated by Jør-gensen et al. (1984) , who reported that Crepidula fornicata was able to retain particles down to 2 µm with a maximal efficiency. In the present study, this threshold was only found for particles above 4 µm, and at the highest seston loads C. fornicata was almost unable to retain 2 to 3 µm particles. A striking result is this negative influence of SPM on the gastropod retention efficiencies for small particles, a phenomenon that has been documented in bivalves (Palmer & Williams 1980 , Cranford & Gordon 1992 , Barillé et al. 1993 , Hawkins et al. 1998 . Whether this process is a physiological regulation or a passive mechanism based solely on the physical properties of the particles (La Barbera 1978) is unknown, but the consequence is an enrichment in organic content of filtered particles on the gill. Published values of CRs of adult Crepidula fornicata have all been obtained with isolated individuals, sometimes separated from a chain (Johnson 1972 , Newell & Kofoed 1977 , Jørgensen et al. 1984 , Navarro & Chaparro 2002 , Shumway et al. 2003 . The mean CR of 0.76 l h -1 g -1 calculated in this study for chains of 6 individuals can be compared with those obtained in previous studies with individuals, by applying an allometric standardization. In fact, it is very similar to the result reported by Newell & Kofoed (1977) (250 ml h -1 at 15°C for a 160 mg specimen), which corresponds to a value of 0.7 l h -1 g -1
.
It is also consistent with the finding of Navarro & Chaparro (2002) for C. fecunda, which is equivalent to a CR of 0.44 l h -1 g -1 when their allometric relationship is applied to a standard dry weight of 1 g. Although significantly lower, our result cannot be compared with the data reported by Shumway et al. (2003) (CRs > 2 l h -1 g -1 for a similar SPM range), who calculated a weight-specific CR without allometric standardization. It is also 16 times lower than the value of 0.66 l h -1 obtained by Jør-gensen et al. (1984) with algal cell diets for a 132 mg specimen. Testing the feeding community concept (CR of a chain > sum of individual CRs) was beyond the scope of this study, but the choice of studying a chain's feeding responses was more realistic due to the predominance of colonies in the population. However, as already mentioned, the entire chain was seldom fully active, with on average approximately 1 individual out of 6 not filtering.
As a consequence of the CR that was constant with increasing seston concentration, the amount of suspended material retained on the gills increased in proportion to particulate matter availability, followed by a linear increase in biodeposition. This linear relationship between filtration rate and seston concentration indicates that gastropods are still processing large amounts of particles at SPM > 100 mg l -1 , in spite of the decreasing food quality (organic content ≤ 10%). Such functional feeding responses have been described in suspension-feeding bivalves where FR increases up to a threshold, above which particle-processing constraints on the gills and labial palps have been suggested to account for a decline at higher seston concentrations (Widdows et al. 1979 , Barillé et al. 1997 , Navarro & Widdows 1997 , Bayne 2002 ). This threshold fluctuates over a wide range of SPM ca. 100 to 1000 mg l -1 according to species and habitat. If such a threshold exists in Crepidula fornicata, it would occur at SPM concentrations higher than the ca. 200 mg l -1 used in this study.
High FR in bivalves of turbid habitats is considered as a way to maximize food intake, because the filtered material is subjected to pre-ingestive selection (Kiør-boe & Møhlenberg 1981 , Newell & Jordan 1983 , Hawkins et al. 1996 , Ward et al. 1998 ). An equivalent mechanism has never been demonstrated in suspension-feeding gastropods, even though it has been previously suggested for the genus Crepidula (Werner 1951 , Navarro & Chaparro 2002 . Moreover, Declerck (1995) indicated that the absence of a sorting mechanism prior to ingestion was a distinction between bivalves and gastropods. In this study, the choice of a chain as a functional unit did not permit the 2 types of biodeposits to be distinguished. Pseudofaeces and faeces were essentially voided in the same area from the anterior shell margin on the right side of an animal, and the rejections of all individuals composing a chain were mixed together. It was therefore not possible to unequivocally establish or reject the hypothesis of preingestive particle selection. Nevertheless, the similarity between the organic content of biodeposits and diet is intriguing: firstly, because qualitative observations revealed that most of the rejected matter was made of pseudofaeces; secondly, because faeces resulting from a digestive process probably did not contribute to an increase in the organic content of biodeposits.
If we hypothesize that pre-ingestive selection is absent in Crepidula fornicata, this would signify a considerable disadvantage for an organism constantly facing food dilution in a resuspended tidal environment and would not seem compatible with high filtration rates. The elevated organic content of biodeposits may, however, result from a significant contribution of mucous secretion in pseudofaeces (Chaparro et al. 2004) . Further investigations are required to elucidate pre-ingestive particle processing mechanisms in C. fornicata (in progress) and suspension-feeding gastropods in general. The reduction in retention efficiencies of small inorganic particles at high seston loads was the sole mechanism clearly identified in this study as counteracting food dilution by the enrichment of organic content of filtered matter. If conclusively demonstrated, the absence of pre-ingestive selection in C. fornicata would increase the physiological significance of this process in turbid environments.
